Thermal history of Mimas and Enceladus is investigated from the beginning of accretion to 400 Myr. The numerical model of convection combined with the parameterized theory is used. The following heat sources are included: short lived and long lived radioactive isotopes, accretion, serpentinization, and phase changes. The heat transfer processes are: conduction, solid state convection, and liquid state convection. We find that temperature of Mimas' interior was significantly lower than that of Enceladus. If Mimas accreted 1.8 Myr after CAI then the internal melting and differentiation did not occur at all. Comparison of thermal models of Mimas and Enceladus indicates that conditions favorable for the start of tidal heating lasted for a short time (~10 7 yr) in Mimas and for ~10 8 yr in Enceladus. This could explain the Mimas-Enceladus paradox. In fact, in view of the chronology based on cometary impact rate, one cannot discard a possibility that also Mimas was for some time active and it has the interior differentiated on porous core and icy mantle.
INTRODUCTION
Enceladus and Mimas are two smallest medium-sized satellites (MIS) of Saturn. The group consists of 6 spherical satellites: Mimas, Enceladus, Tethys, Dione, Rhea, and Iapetus. They are built of mixtures of rocks and ices. The rocky component is believed to be of chondritic composition. The main component of ices is frozen H 2 O but some admixture of ammonia and other volatiles is expected (e.g., Peale 2003) .
Since the flyby of the Voyager probe it is known that Mimas has a heavily cratered surface devoid of features that would indicate recent endogenic activity. The majority of craters are generally thought to form during the Late Heavy Bombardment Epoch. Lineaments visible on the surface of this satellite are thought to be a result of the impact that created the Herschel crater, although freezing expansion cannot be ruled out a priori ). The density of Mimas (1147 kg m -3 ) is much lower than that of Enceladus (1609 kg m -3 ). This indicates that ices constitute important part of this body and the rock content is lower in Mimas than in Enceladus, which in turn suggests lower heating rate due to radiogenic isotopes. The shape of Mimas determined by the Cassini probe might suggest internal mass concentration (due to differentiation and formation of the core). The small deviation from the hydrostatic ellipsoid shape limits what can be inferred about the interior (Thomas 2010) . The significant radial porosity gradient, as hypothesized by Eluszkiewicz (1990) , is now thought to be short-lived (LeliwaKopystyĔski and Kossacki 2000) .
Mimas has a relatively large eccentricity (e = 0.02) which is thought to be primordial (e.g., Matson et al. 2009 ); however, it could also be explained by the passage of the satellite through mean motion resonances with either Enceladus or Dione (Meyer and Wisdom 2008) . To sustain the primordial eccentricity, the Mimas' interior must have been cold and rigid through most of its history (McKinnon and Barr 2007) . Calculations of Multhaup and Spohn (2007) indicate that partial melting and differentiation of Mimas is possible only if some ammonia is present and the nebula ambient temperature is around 250 K. However, they did not consider the heat of short-lived radioactive isotopes, like 26 Al. Moreover, Muro and Nimmo (2011) calculated that initial temperatures exceeding 220 K lead to runaway dissipation scenario and fast eccentricity damping. Charnoz et al. (2009) suggested that during the Late Heavy Bombardment (LHB) Mimas could have experienced catastrophic disruption and reassembled thereafter; in contrast, survival of Enceladus is much more probable in each considered model. Data concerning interiors of the MIS are very scarce. The most direct data are measurements of gravitational field and magnetic field of the satellites. From these data one can obtain mass distribution and distribution of electric conductivity (high conductivity means a probable existence of liquid water); see, e.g., Bobojü and DroĪyner (2011), Essa (2007) , Kriegel et al. (2009) . However, even these data are rather limited. The best situation is for Enceladus because of several close flybys and determination of chemistry of the plumes over the South Polar Terrain (SPT).
A few papers considered early thermal evolution of Enceladus. First models, like Ellsworth and Schubert's (1983) , do not include short-lived isotopes (SLI). They found that the heating from long-lived radioactive isotopes (LLI) was not intensive enough for melting the interior but it was large enough to support solid state convection for 3.3 billion years. This convection could prevent extensive melting. Schubert et al. (2007) investigated first 20 Myr of Enceladus' history. They have found that the interior of Enceladus experienced early differentiation due to melting of ice from radiogenic heating (mainly 26 Al). At 10 to 20 Myr after formation, Enceladus had hot rocky core of 165 km size. However, this conclusion depends on time of accretion. If Enceladus accreted 3.5 Myr after the formation of Calcium-aluminum-rich inclusions (CAI), its interior would not melt, unless the initial temperature was high. If the temperature was 200 K at the time of Enceladus' formation, then differentiation occurred even for low content of 26 Al, but it would not be complete. Their model included short-lived isotopes and phase transitions, but they did not consider heat of serpentinization and finite time of accretion. Malamud and Prialnik (2013) in their recent paper compare the early evolution of Mimas and Enceladus. The aim of our paper is similar but those authors used different methods and models. Models in both papers include the same sources of heating, i.e., serpentinization, short-lived and long-lived isotopes, and gravitational energy. The main difference of their models comparing to ours is different rheology of the satellites' interior. Malamud and Prialnik (2013) assume matrix composed of rock. The flow of water through a porous rocky medium is the main process responsible for the mass transport. Water (and other liquids or gases) could flow throughout the matrix. Convection in porous media is possible but its properties are essentially different (especially efficiency of the heat transport); see Czechowski and Kossacki (2012) . Of course, the sponge like model of Malamud and Prialnik (2013) includes neither solid state convection nor liquid state convection as the heat transport mechanism. The accretion is assumed to be instantaneous.
The results of Malamud and Prialnik (2013) confirm that if Enceladus accreted early (before decay of SLI) then it could be melted and differentiated into a rocky inner core and a thin icy crust. The melting of the interior led also to serpentinization of the interior. If Enceladus accreted after decay of SLI, then the melting (and serpentinization) in Enceladus could start only if ammonia was present in the ice. Malamud and Prialnik (2013) suggest that the present differences between Enceladus and Mimas could be a result of serpentinization of Enceladus during its early evolution, and the lack of this process in Mimas.
We investigate a few scenarios of Mimas and Enceladus evolutions that could lead to the present state of these satellites: dead Mimas and active Enceladus. We include heating from SLI and LLI as well as the heat of accretion and serpentinization. The accretion is not instantaneous, convection is considered also during accretion of the satellites. Moreover, two regimes of convection are included: liquid state convection (LSC) and solid state convection (SSC).
The paper is organized as follows. The heat sources and basic properties of MIS interior are described in Section 2. Section 3 treats about the model of convection and numerical model used for our calculations. The results are presented and discussed in Section 4. Conclusions are in the last section.
HEAT SOURCES AND PROPERTIES OF MIS

Heat sources
We consider the following heat sources: decay of short-lived radioactive isotopes (i. U, 235 U), heat of serpentinization, and the heat of accretion. The latent heat of freezing/melting of ice component is also included. The tidal heating is not included because we consider only the period before the tidal heating became important. The gravitational energy released during differentiation and/or contraction is negligible for Enceladus (e.g., Malamud and Prialnik 2013) .
The initial radiogenic heat rates generated by a given isotope just after the formation of CAI are given in Table 1 . For any given time t the heat rate is 7 0 1 ( ) exp , where f m is the silicate mass fraction in the satellite and time t is measured from the formation of CAI (Fig. 1 ). The heat of accretion results from kinetic energy of the falling matter. The temperature increase resulting from this process could be calculated from the formula (e.g., Multhaup and Spohn 2007) :
where G = 6.67 × 10 -11 N m 2 kg -2 is the gravity constant, ȡ is the density, r(t) is the current radius of accreting body, and c p is the specific heat. We adopt also here ȟ = 0.4, and the Safronov number e S = 2 after Multhaup and Spohn (2007) . The surface temperature of both satellites and the nebula temperature are assumed to be the same, namely T s = T nebula = 75 K.
After Abramov and Mojzsis (2011) we consider the following reaction of serpentinization: The energy release is similar to Eq. 3. Note that we are interested mainly in energy release, and other details of reactions are not especially important.
Rheology
The volume percentage of rocky component in Enceladus is approximately 40%. It means that rheological properties of its undifferentiated interior are determined by the icy component; according to the Roscoe's theory (e.g., Roscoe 1952 , Schubert et al. 1986 , Czechowski 2006a , the silicate particles form interconnecting matrix only if silicates concentration is at least 60% by volume. The rheology of icy satellites is typical for inner planets. The uppermost layer ("lithosphere") is probably elastic for small deformation and brittle for large deformations. The medium below the lithosphere is also solid but for very slow geologic processes it behaves like a viscous fluid with effective viscosity K(T).
There are no observational data concerning the viscosity of the solid interior of MIS. Therefore we should investigate the problem for some range of viscosity. We started from the formula:
where K x is a constant, V is the second invariant of the deviatoric stress tensor, i is the power law index (i = 1 corresponds to a Newtonian fluid), E is the activation energy of the dominant mechanism of deformation, and R = 8.314 J K -1 mole -1 is the universal gas constant (McKinnon 1998 , Goldsby and Kohlstedt 1997 , Durham et al. 1998 , Forni et al. 1991 . Parameters K x , E, and i depend on many factors; e.g., size of ice crystals, content of gases, size of mineral grains, etc., most of them being essentially unknown. Durham et al. (1998) give two extreme values of E: 43 kJ mole -1 (for water ice I below 195 K) and 107.5 kJ mole -1 (for NH 3 2H 2 O). These values correspond to E/R of 5172 and 12 930 K, respectively. Rheology of both materials is highly nonlinear. Fortunately, non-Newtonian flow could be simulated by Newtonian flow with lower E (Christensen 1984 , Dumoulin et al. 1999 ); therefore we assume that i = 1 (i.e., Newtonian flow) but we use E = 50 kJ mole -1 . More complicated rheology is not necessary for our calculation (see also: Davaille and Jaupart 1993, Grasset and Parmentier 1998) .
The viscosity Ș m for the melting temperature T m , and the activation energy E are used as parameters of our model; Ș m is equal to 
Two regimes of convection
where g is the average gravity in the considered layer [m s In the above equation, ǻT = T m -T s where T s is the surface temperature and T m is the temperature of the molten region (or the temperature in the center of the satellite). Convection starts if the Rayleigh number exceeds its critical value Ra cr . This value depends on situation, but usually Ra cr = O(1000), (see, e.g., Czechowski 1993, p. 180 for more detailed discussion), so we choose Ra cr = 1000.
LSC could take place in a molten region only. The Prandtl number is Pr = O(1). It means that inertial forces like the Coriolis force could be important for this motion (e.g., Czechowski 2012). It is a dominant form of heat transfer in the molten core. Our preliminary calculations indicate that differentiation occurs when LSC is coming to the end. Therefore, for most of time LSC convection is heated from inside (the grains with radioactive isotopes are suspended in liquid), so we use Ra in defined as follows: 
NUMERICAL MODEL
Basic equations of the model
In our calculations we use numerical model developed by Czechowski (2012) . Its short description only is given here. For details see Czechowski (2012 Czechowski ( , 2014 . The model is based on parameterized theory of convection combined with 1-dimensional equation of the heat transfer in spherical coordinates [0, R(t) ]. During accretion the radius R(t) increases in time according to the formula: R(t) = a t for t ini < t < t ac , and R(t) = R sat for t > t ac , i.e., after the accretion (see, e.g., Merk et al. 2002) , where t ini denotes the beginning of accretion and t ac denotes the duration of this process.
If the Rayleigh number in the considered layer exceeds its critical value Ra cr then convection starts. It leads to effective heat transfer. The full description of convection is given by a velocity field and temperature distribution. However, we are interested in convection as a process of heat transport only. For SSC heat transport can be described by dimensionless Nusselt number Nu. We use the following definition of Nu (e.g., Czechowski 1993, p. 185 
):
True total surface heat flow Total heat flow without convection . Nu
The heat transport by SSC is modeled simply by multiplying the coefficient of the heat conduction in the considered layer, i.e.:
This approach is used successfully in parameterized theory of convection for SSC in planets and satellites (e.g., Sharpe and Peltier 1978 , Peltier and Jarvis 1982 , Czechowski 2006b ).
The method needs some formula for Nu. We tried here a few different sets of formulas. Our preliminary results indicate that SSC in a relatively small satellite is not as dominant heat transfer mode as for large MIS like Rhea. Therefore, for our purposes the simplest approach seems to be better suited. After Turcotte and Schubert (2002, p 
where Į m and c pm are thermal expansion coefficient and specific heat in the molten region, g is the local gravity. In Enceladus and Mimas the adiabatic gradient is low and therefore the LSC region is almost isothermal.
Gravitational differentiation and LSC
The melting of ice allows for differentiation of the satellite. Then silicate grains sink in the molten core. However, we have also the opposite process: mixing by LSC. The interaction of these processes was considered by Czechowski (2014) . His calculations indicate that convection is strong enough for mixing grains of ~1 mm size and consequently not allowing for core formation (of course, with the exception of largest grains) for more than 100 Myr, i.e., even after the decay of most of the SLI. Convection eventually slows down and stops when the Rayleigh number drops below its critical value. Then the bulk of the core is formed. Note also that the convection and sinking process itself are strong factors separating grains according to their size, so one can expect the size of grains (and pores) to increase with depth. The relatively cold core (temperature is close to the melting point of water) of loosely packed grains with water between them is a result of this differentiation. At that time, there is no mechanism of removing the water. The chemical processing of solidification of the grains is possible but due to low temperature is rather slow. However, the concentration of silicates with radioactive elements allows for increasing the temperature in time.
The rheology of the core could be a crucial factor for tidal heating. Because the grains are mostly not glued, tidal deformations and efficient dissipation of energy are possible. In Enceladus the later evolution of core could be a result of strong tidal heating that could lead to removing water from the pores and even to dehydratation (if temperature exceed 800 K). That processes could lead eventually to rigid core of large density and of relatively small size (Schubert et al. 2007 ). However, another option is also possible: the core still contains large amount of water and serpetinized silicates of low density (e.g., Malamud and Prialnik 2013) . Calculation of Czechowski (2014) and interpretation of gravity data from Cassini (Taubner et al. 2014) indicate rather low density core of Enceladus. It means that the second option is more probable. The hypothetical core of Mimas is probably unchanged since its origin. , t ac = 0.1 Myr, k sil = 4.2 W m -1 K -1 , t ini = 1.8 Myr. The vertical axis gives distance from the center of satellite (r/R sat ). The horizontal axis gives log 10 (time in Myr). Note that initially the isotherms are going up following increasing radius of the accreting body. For the first several millions of years the temperature increases fast because of high concentration of radioactive elements (SLI). The maximum is reached in a few millions of years and subsequently isotherms corresponding to high temperature (let's say 260 K) move down.
RESULTS AND DISCUSSION
Example of evolution
In the presented case there was no melting. However, for lower t ini , or for Enceladus, the melting is possible. Contrary to expectation, the molten region does not follow the isotherms. The matter reaches the melting temperature in a few Myr but the melting occurs after the next 2-3 Myr. The melting triggers serpentinization that supplies additional thermal energy. The radius of molten region reaches its maximum value only after ~100 Myr. It is also the time of stopping LSC and forming the core. , t ac = 0.1 Myr, k s i = 4.2 W m -1 K -1 , t ini = 1.8 Myr. Vertical axis gives distance from the center of the satellite (r/R sat ). Horizontal axis gives log 10 (time in Myr). Note that initially the isotherms are going up following increasing radius of the accreting body. For the first Myr's the temperature increases fast because of high concentration of the radioactive elements. The maximum is reached in a few millions of years and subsequently isotherms corresponding to high temperature (say 220 K) move down.
Role of different parameters in evolution
We performed calculations for Mimas and Enceladus for different values of the parameters: t ini (time of starting accretion), t ac (duration of accretion), Ș m (viscosity at melting temperature), k sil (thermal conductivity of the silicate grains), and E (activation energy). The comparisons in Fig. 4 are done for -1 K -1 , t ini = 1.8, 2.4, 3.6 Myr for lines 1 (and 4), 2 (and 5), 3 (and 6), respectively. Initial temperatures of both satellites are the same; note common point at t = t ini (leftmost). All lines for Mimas are below the corresponding lines for Enceladus indicating lower temperature in smaller Mimas. Note also that all lines for Mimas for large time converge for substantially lower temperature than the lines for Enceladus. the globally average temperature T av (weighted average) and maximum temperature T max (i.e., temperature in the center of a given body). The following values of parameters are chosen: viscosity Ș m of 10 14 Pa s, c hyd = 240 000 J kg -1 , E = 5 × 10 4 J mole -1 , t ac = 0.1 Myr, k sil = 4.2 W m -1 K -1 , t ini = 1.8, 2.4, 3.6 Myr for lines 1 (and 4), 2 (and 5), 3 (and 6), respectively. Initial temperatures of both satellites are the same (note common point at t = t ini (leftmost)). All lines for Mimas are below the corresponding lines for Enceladus, indicating lower temperature in smaller Mimas. Note also that all lines for Mimas for large time t converge to a substantially lower level than the lines for Enceladus. Figure 8 presents T ave for longer duration of accretion, t ac = 1 Myr. The energy of serpentinization is negligible for models presented in Fig. 9 . Figure 10 shows evolution of the satellite with 10% of ammonia in volatiles.
Note that all the parameters discussed are important for thermal evolution. However, differences of the results are not dramatic. 
Mimas-Enceladus paradox
Mimas and Enceladus are similar in size and mass and they both are in orbitorbit resonances with other MIS. However, their endogenic activities are different. Mimas is geologically dead for billions of years while Enceladus is presently active. Its activity is a result of tidal heating. For tidal heating in a satellite Poirier et al. (1983) 
where U is the density [kg m
-3 ], r [m] is the satellite's radius, n [rad s -1 ] is the mean orbital motion, e is the eccentricity of the satellite's orbit, Q is the dimensionless dissipation factor, and P [Pa] is the shear modulus of the satellite's interior. Equation 14 is derived for a homogeneous body; therefore, for a non-uniform body, the effective values of P and Q should be used. The ratio of tidal heating q t av to total average heating q av is known as the dimensionless number C = q t av / q av .
Equation 14 was successfully used for Io (e.g., Peale et al. 1979) . Unfortunately, the direct use of Eq. 14 to Enceladus and Mimas leads to an apparent paradox. Assuming that rheological properties of these satellites are similar (i.e., values of P and Q are the same) the products ș = U r 4 n 5 e 2 could be treated as a measure of tidal heating. One can find that ș for active Enceladus is 31 times lower than ș for dead Mimas. This paradox indicates that a more advanced model is necessary. Czechowski (2006a Czechowski ( , 2009 ) explained Mimas-Enceladus paradox as a result of nonlinear behavior of the system of equations describing the tidal heating, heat transfer, and rheological properties of the interior. He adopted the parameterized theory of convection for specific situation of MIS of Saturn. His model included not only temperature dependent Q and P but also possible bifurcations. The system allows for a few steady state solutions for thermal state of a given satellite. Eventually Czechowski (2006a) stated that:
Each of the satellites has a low temperature solution that usually corresponds to low tidal heating. This state is referred to as the basic thermal state. For the smallest of MIS (i.e., Mimas or Enceladus) the temperature of this solution is very low; consequently, these satellites cannot be active in their basic states. Some of the satellites have also one or two additional solutions with higher temperatures and with higher rates of tidal heating than for the basic state. These additional solutions correspond to thermal states that are referred here as excited states. The basic solution always exists and corresponds to the lowest possible temperature. The existence of excited states with high temperature does not guarantee an endogenic activity of a given satellite. It means only that the given satellite could be in one of a few thermal states; the satellite could be in its basic state even if exited states exist.
For starting efficient tidal heating it is necessary that: 1. temperature of interior is high enough for effective dissipation of tidal stresses, 2. the orbit has a significant eccentricity. Moreover, for long lasted tidal heating it is necessary that: 3. there occurs an orbit-orbit resonance that could keep the non-zero eccentricity. All conditions must be fulfilled simultaneously. Presently, Mimas fulfills conditions 2 and 3. If its temperature were high enough then the tidal heating could be high and Mimas could be active. The initial temperature of the satellite could be a factor deciding upon the path of evolution.
Generally, with the exception of a short time (approximately 1-4 Myr after CAI), Mimas was always substantially colder than Enceladus. We do not know the critical temperature necessary for starting process of effective tidal heating in Mimas, but evidently the high temperature is important. We do not know when condition 3 was fulfilled, i.e., when Mimas-Tethys and Enceladus-Dione resonances were established. Note, however, that condition 1 could be satisfied in Mimas, only if it accreted early. This leads us to additional condition: t ini < 1.8 Myr for Mimas. However even if this additional condition was satisfied and Mimas was (for some time) hot enough for efficient tidal dissipation, the duration of this "launch window" was dramatically shorter (~10 Myr) for Mimas than for Enceladus (~100 Myr). Probably the Mimas-Tethys resonance was established too late to change the path of evolution of Mimas.
Taking into account early thermal history of both satellites, the present situation can hardly be treated as a paradox. The Mimas should be very "lucky" if time of resonance and time of high temperature were at the moment when Mimas was hot.
Chronology and activity of Mimas and Enceladus
Mimas is classified as a dead satellite according to Rothery (1992) . It means that there was no substantial endogenic activity since Heavy Bombardment Epoch (HBE). Note however that the assessment of age depends on the assumed model of flux of meteorites. Using the lunar-like flux, cratered plains of Enceladus are 4.2 Gyr old and only 1.7 Gyr old, if cometary impact rate is used for calculation (Zahnle et al. 2003 , Spencer et al. 2009 ). Saturated by craters, the surface of Mimas is probably older than 4 Gyr according to "lunar" chronology, but only ~2 Gyr if cometary impact rate is appropriate. If "short", "cometary" chronology is correct then we do not have data concerning 2.5 Gyr of Mimas history. During that time, the satellite could be active but the older lithosphere was destroyed.
CONCLUSIONS
We compared thermal evolution for Enceladus and Mimas for several parameters: Ș m , c hyd , E, t ac , k sil , and t ini . All of these parameters are significant but the time of accretion t ini is the most important (see also Czechowski 2014). The Mimas-Enceladus paradox is probably the result of short time when Mimas was hot enough. This conclusion does not contradict the results of Malamud and Prialnik (2013) about the role of serpentinization. However, we indicate that the role of serpentinization is not critical. The paradox could exist even if serpentization of the matter had occurred before accretion. If "short", "cometary" chronology is correct, then Mimas could have been active for some time.
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